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Chromosome segregation must be executed accurately during both mitotic and meiotic cell divisions. Sgo1 plays a key
role in ensuring faithful chromosome segregation in at least two ways. During meiosis this protein regulates the removal
of cohesins, the proteins that hold sister chromatids together, from chromosomes. During mitosis, Sgo1 is required for
sensing the absence of tension caused by sister kinetochores not being attached to microtubules emanating from opposite
poles. Here we describe a differential requirement for Sgo1 in the segregation of homologous chromosomes and sister
chromatids. Sgo1 plays only a minor role in segregating homologous chromosomes at meiosis I. In contrast, Sgo1 is
important to bias sister kinetochores toward biorientation. We suggest that Sgo1 acts at sister kinetochores to promote
their biorientation.
INTRODUCTION
The principles governing meiotic chromosome segregation
are similar to those during mitosis. However, in contrast to
mitosis during which replicated pairs of sister chromatids
segregate once, meiosis consists of two consecutive chromo-
some segregation phases. During the first meiotic division,
homologous chromosomes segregate away from each other.
The second segregation phase resembles mitosis, in that
sister chromatids segregate to opposite poles.
The foundations for accurate chromosome segregation are
laid during DNA replication, when protein complexes
known as cohesins are loaded onto chromosomes (Blat and
Kleckner, 1999; Ciosk et al., 2000; Laloraya et al., 2000; Glynn
et al., 2004; Lengronne et al., 2004; Weber et al., 2004). After
DNA replication, the newly duplicated DNA strands, the
sister chromatids, are held together by these cohesins
(Uhlmann and Nasmyth, 1998; Lengronne et al., 2006).
During mitosis, cohesins facilitate the accurate attachment of
sister chromatids to the mitotic spindle so that the kineto-
chores of sister chromatids attach to microtubules emanat-
ing from opposite poles (called biorientation). They do so by
counteracting the pulling force exerted by microtubules on
kinetochores, which creates tension at kinetochores. This
tension is monitored by the cell and progression into an-
aphase only occurs when all microtubule—kinetochore at-
tachments are under tension (reviewed in Pinsky and Big-
gins, 2005).
Microtubule–kinetochore attachments that are not under
tension are severed in a manner that depends on the protein
kinase Aurora B (Ipl1 in budding yeast; Biggins et al., 1999;
Biggins and Murray, 2001; Tanaka et al., 2002; Pinsky et al.,
2006). The severing of microtubule–kinetochore interactions
by Ipl1 produces unattached kinetochores, which in turn
causes activation of the spindle assembly checkpoint (SAC;
reviewed in May and Hardwick, 2006; Musacchio and
Salmon, 2007). The SAC prevents entry into anaphase by
inhibiting a ubiquitin ligase known as the anaphase-promot-
ing complex (APC) bound to its specificity factor Cdc20
(APC-Cdc20). Thereby the checkpoint inhibits a cascade of
events that leads to securin (Pds1 in budding yeast) degra-
dation and cleavage of the cohesin subunit Scc1/Mcd1 by a
protease known as separase (Esp1 in yeast).
The first meiotic division is unique in that homologues
rather than sister chromatids segregate away from each
other. This not only requires sister kinetochores to attach to
microtubules emanating from the same pole (co-orienta-
tion), which is mediated by the monopolin complex (Toth et
al., 2000), but also necessitates the generation of a physical
linkage between homologous chromosomes to allow a ten-
sion-based mechanism to facilitate the accurate attachment
of chromosomes onto the meiosis I spindle. Linkages be-
tween homologous chromosomes are provided by chias-
mata, the products of meiotic recombination, which allow
Ipl1-dependent mechanisms to facilitate the biorientation of
homologous chromosomes on the meiosis I spindle (Monje-
Casas et al., 2007). The SAC component, Mad2, also plays a
role in promoting homolog biorientation during meiosis that
is distinct from its role in halting the cell cycle in response to
kinetochore–microtubule attachment defects (Shonn et al.,
2003).
The cohesin complexes distal to chiasmata antagonize the
pulling forces of the meiosis I spindle. The removal of co-
hesins along chromosome arms by separase therefore trig-
gers the segregation of homologues during meiosis I. Co-
hesins around centromeres are however not removed
during meiosis I, allowing sister chromatids to biorient on
the meiosis II spindle (Klein et al., 1999; Watanabe and
Nurse, 1999; Kiburz et al., 2005). Several factors have been
identified that are required for preventing the removal of
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cohesins from centromeric regions during meiosis I. Among
them are the Shugoshins (Sgo1 in budding yeast; Kerrebrock
et al., 1992; Katis et al., 2004a; Kitajima et al., 2004; Marston et
al., 2004). Schizosaccharomyces pombe or Saccharomyces cerevi-
siae cells lacking SGO1 lose all cohesins during meiosis I,
causing random segregation of sister chromatids during
meiosis II (Katis et al., 2004a; Kitajima et al., 2004; Marston et
al., 2004). Sgo1 appears to prevent the removal of cohesins
from centromeres during meiosis I, at least in part, by re-
cruiting the protein phosphatase PP2A to this region where
it is thought to antagonize the phosphorylation of cohesins
(Brar et al., 2006; Kitajima et al., 2006; Riedel et al., 2006; Tang
et al., 2006).
Fission yeast and mammalian cells contain two Sgo pro-
teins (Kitajima et al., 2004, 2006). In S. pombe, Sgo1 regulates
cohesin removal during meiosis. Sgo2 is required for sensing
whether microtubule–kinetochore attachments are under
tension during mitosis and meiosis through targeting Au-
rora B to kinetochores (Kawashima et al., 2007; Vanoost-
huyse et al., 2007). Budding yeast Sgo1 is also required for
tension sensing at kinetochores during mitosis, but it has not
been shown whether it serves all of the functions of S. pombe
Sgo1 and Sgo2 (Indjeian et al., 2005). Here we characterize
the role of budding yeast Sgo1 during meiosis I chromosome
segregation. We find that depletion of Sgo1 causes only few
errors in chromosome segregation during the first meiotic
division. However, Sgo1 appears important for sister kinet-
ochore biorientation. Using an experimental setup in which
microtubule–kinetochore attachments are under tension ir-
respective of whether sister kinetochores are co-oriented or
bioriented, we find that Sgo1 is important for efficient sister
kinetochore biorientation. Through this function, Sgo1 could
aid in facilitating the attachment of chromosomes on the
mitotic or meiosis II spindle.
MATERIALS AND METHODS
Strains and Plasmids
The strains used in this study are described in Table 1 and were derivatives
of SK1. The pCLB2-CDC20 fusion and ubr1::kanMX4 are described in Lee and
Amon (2003); REC8-13MYC, IML3-9MYC, and SGO1-9MYC in Marston et al.
(2004); and NDC10-6HA, CENV green fluorescent protein (GFP) dots,
mam1::TRP1, and PDS1-18MYC in Toth et al. (2000). REC8-3HA, spo13::hisG,
and spo11::URA3 are described in Klein et al. (1999); the pCLB2-SGO1 fusion in
Lee et al. (2004); and IPL1-13MYC in Monje-Casas et al. (2007). The REC8-N
allele was described in Buonomo et al. (2000). The clb1::kanMX and
rts1::KanMX6 deletions were generated by the PCR-based gene replacement
method described in Longtine et al. (1998). A PCR-based method was also used
to generate the IPL1-6HA fusion (Knop et al., 1999).
Sporulation Conditions
Cells were grown to saturation in YPD (YEP  2% glucose) for 24 h, diluted
into YPA (YEP  2% KAc) at OD600  0.3, and grown overnight. Cells were
then washed with water and resuspended in SPO medium (0.3% KAc, pH 
7.0) at OD600  1.9 at 30°C to induce sporulation.
Chromatin Immunoprecipitation
Chromatin immunoprecipitations were performed as described in Lee et al.
(2004). Sequences of primers are available upon request.
Whole Cell Immunofluorescence
Indirect in situ immunofluorescence was carried out as described in Visintin
et al. (1998). Rat anti-tubulin antibodies (Oxford Biotechnology) and anti-rat
FITC antibodies (Jackson ImmunoResearch, West Grove, PA) were used at a
1:100 dilution. Pds1-18Myc was detected using a mouse anti-Myc antibody
(Babco, Richmond, CA) at a 1:250 dilution and an anti-mouse Cy3 secondary
antibody (Jackson ImmunoResearch) at a 1:1000 dilution for experiments in
Figures 2 and 3. Pds1-18Myc was detected using a mouse anti-Myc antibody
(Babco) at a 1:250 dilution and an anti-mouse Cy3 secondary antibody (Jack-
son ImmunoResearch) at a 1:250 dilution in the experiment described in
Figure 5.
Table 1. Yeast strains
Strain
number Relevant genotype
A2047 MATa/ spo11 PDS1–18MYC
A4758 MATa/ REC8–3HA
A4962 MATa/
A5715 MATa/ tetR-GFP tetO-cenV/tetO-cenV
A5811 MATa/ tetR-GFP tetO-cenV
A5823 MATa/ pCLB2-CDC20 PDS1–18MYC REC8–3HA
A6144 MATa/ pCLB2-CDC20 ubr1 REC8–3HA
A7118 MATa/ pCLB2-CDC20 tetR-GFP tetO-cenV
A7316 MATa/ pCLB2-CDC20 mam1 tetR-GFP tetO-cenV
A8127 MATa/ pCLB2-CDC20 mam1 spo11 tetR-GFP
tetO-cenV
A8441 MATa/ REC8–13MYC NDC10–6HA
A8683 MATa/ pCLB2-CDC20 spo13 REC8–3HA
PDS1–18MYC
A10461 MATa/ SGO1–9MYC NDC10–6HA
A11252 MATa/ pCLB2-SGO1 mam1 tetR-GFP tetO-cenV
A11255 MATa/ pCLB2-SGO1 tetR-GFP tetO-cenV/
tetO-cenV
A11951 MATa/ clb1 clb4 REC8–13MYC NDC10–6HA
A11952 MATa/ clb1 clb4 SGO1–9MYC NDC10–6HA
A11953 MATa/ clb1 clb4 tetR-GFP tetO-cenV
A14502 MATa/ pSCC1-IPL1 tetR-GFP tetO-cenV/tetO-cenV
A14900 MATa/ tetR-GFP tetO-cenV/tetO-cenV
A14910 MATa/ pCLB2-SGO1 REC8–3HA
A15500 MATa/ spo11 mad2 PDS1–18MYC
A15501 MATa/ spo11 pCLB2-SGO1 PDS1–18MYC
A15086 MATa/ ubr1 REC8–3HA
A15163 MATa/ pCLB2-CDC20 tetR-GFP tetO-cenV/tetO-cenV
A15190 MATa/ pCLB2-CDC20 pCLB2-SGO1 REC8-3HA
PDS1-18MYC
A15269 MATa/ pCLB2-CDC20 PCLB2-SG01 ubr1 REC8–3HA
A15752 MATa/ mad2 tetR-GFP tetO-cenV/tetO-cenV
A17314 MATa/ clb1 clb4 mam1 tetR-GFP tetO-cenV
A17315 MATa/ clb1 clb4 tetR-GFP tetO-cenV/tetO-cenV
A17615 MATa/ clb1 clb4 pCLB2-SGO1 tetR-GFP tetO-cenV
A17616 MATa/ clb1 clb4 pCLB2-SGO1 mam1 tetR-GFP
tetO-cenV
A17826 MATa/ PDS1–18MYC
A17838 MATa/ pCLB2-CDC20 pCLB2-SGO1 tetR-GFP
tetO-cenV
A17839 MATa/ pCLB2-CDC20 pCLB2-SGO1 tetR-GFP
tetO-cenV/tetO-cenV
A17989 MATa/ clb1 clb4 mam1 PDS1–18MYC
A18021 MATa/ mam1 PDS1–18MYC
A18088 MATa/ clb1 clb4 PDS1–18MYC
A18089 MATa/ pCLB2-CDC20 pCLB2-SGO1 IPL1–13MYC
NDC10–6HA
A18102 MATa/ pCLB2-CDC20 IPL1–13MYC NDC10–6HA
A18229 MATa/ pCLB2-SGO1 mam1 spo11 tetR-GFP tetO-cenV
A18705 MATa/ pCLB2-CDC20 pCLB2-SGO1 mam1
tetR-GFP tetO-cenV
A18712 MATa/ clb1 clb4 mad2 mam1 tetR-GFP
tetO-cenV
AM3868 MATa/ pCLB2-CDC20 rts1
AM3907 MATa/ IPL1–6HA IML3–9MYC
AM3908 MATa/ rec8::REC8-N
AM3909 MATa/ pCLB2-SGO1 rec8::REC8-N
AM3952 MATa/ pCLB2-SGO1 rec8::REC8
AM4041 MATa/ pCLB2-CDC20
AM4236 MATa/ pCLB2–3HA-SGO1
AM4469 MATa/ pCLB2-CDC20 pCLB2-SGO1 IPL1–6HA
IML3–9MYC
AM4470 MATa/ pCLB2-CDC20 IPL1–6HA IML3–9MYC
AM4510 MATa/ rec8::REC8
AM4511 MATa/ pCLB2-CDC20 pCLB2-SGO1 rec8::REC8
AM4512 MATa/ pCLB2-CDC20 rec8::REC8-N
AM4513 MATa/ pCLB2-CDC20 pCLB2-SGO1 rec8::REC8-N
AM4514 MATa/ pCLB2-CDC20 rec8::REC8
AM4614 MATa/ pCLB2-SGO1 IPL1–6HA IML3–9MYC
B. M. Kiburz et al.
Molecular Biology of the Cell1200
Immunolocalization Analysis on Chromosome Spreads
Chromosomes were spread as described in Nairz and Klein (1997). Sgo1-
9Myc and Rec8-13Myc were detected using rabbit anti-Myc antibodies (Gram-
sch, Schwabhausen, Germany) at a 1:300 dilution and anti-rabbit FITC anti-
bodies (Jackson Immuno Research) at a 1:300 dilution. Ndc10–6HA was
detected using a mouse anti-HA antibody (Babco) at a 1:250 dilution and an
anti-mouse Cy3 antibody at a 1:300 dilution. Ipl1-6HA was detected using a
mouse anti-HA antibody (Babco) at a 1:200 dilution and an anti-mouse Cy3
secondary antibody (Jackson ImmunoResearch) at a 1:300 dilution.
Western Blot Analysis
Cells were harvested, incubated in 5% trichloroacetic acid (TCA) and lysed as
described in Moll et al. (1991). Immunoblots were performed as described in
Cohen-Fix et al. (1996). Pds1-18Myc and Ipl1-13Myc were detected using a
mouse anti-Myc antibody (Babco) at a 1:1000 dilution. Rec8-3HA and 3HA-
Sgo1 were detected using a mouse anti-HA antibody (Babco) at a 1:1000
dilution. Pgk1 was detected using a mouse anti-PGK1 antibody (Molecular
Probes, Eugene, OR) at a 1:5000 dilution. The secondary antibody used was a
goat anti-mouse antibody conjugated to horseradish peroxidase (HRP; Am-
ersham Biosciences, Buckinghamshire, UK) at a 1:5000 dilution.
RESULTS
Depletion of Sgo1 Causes Errors in Meiosis I Chromosome
Segregation
Sgo1 plays a critical role in meiosis II chromosome segrega-
tion but whether the protein was important for accurate
meiosis I chromosome segregation had not been analyzed in
detail. To examine meiosis I chromosome segregation in
cells lacking Sgo1, we integrated an array of tet operator
repeats near the centromere of both copies of chromosome V
and expressed a tet-repressor-GFP fusion that binds to these
operators (henceforth homozygous GFP dots). In wild-type
cells the two copies of chromosome V segregated away from
each other during the first meiotic division, producing cells
with two nuclei (binucleate cells) each containing a GFP dot
(Figure 1).
To examine loss of Sgo1 function specifically during mei-
osis, we placed the SGO1 open reading frame under the
control of the mitosis-specific CLB2 promoter. Because Sgo1
is unstable during G1 (Marston et al., 2004), Sgo1 is absent
during meiosis in cells carrying the pCLB2-SGO1 fusion as
the sole source of Sgo1 (Supplementary Figure 1). In cells
depleted for Sgo1, homolog segregation occurred accurately
in most cells, but in 10% of cells both homologues segre-
gated to the same pole (Figure 1). In contrast, the absence of
the SAC components Mad2 or Ipl1 leads to pronounced
defects in meiosis I chromosome segregation (Figure 1;
Shonn et al., 2003; Monje-Casas et al., 2007). The cosegrega-
tion of both homologues of chromosome V in 80% of cells
depleted of IPL1 likely reflects a requirement for Ipl1 to
sever the connections that both homologues make with the
old spindle pole body after its duplication, allowing for
proper biorientation (Monje-Casas et al., 2007). Loss of Mad2
led to cosegregation of homologues in 35% of cells (Shonn
et al., 2003). These results suggest that Sgo1 is important for
accurate meiosis I chromosome segregation. However, its
role in the process appears less important than that of Ipl1
and Mad2, two other proteins involved in sensing whether
kinetochores are under tension.
Sgo1 Is Not Essential for Sensing the Lack of Tension at
Kinetochores Due to the Absence of Recombination
In mitotic cells lacking cohesins, microtubule–kinetochore
attachments are not under tension. This leads to severing of
microtubules by Ipl1, which in turn causes activation of the
SAC and hence Pds1 stabilization (Stern and Murray, 2001).
Cells lacking SGO1 do not delay Pds1 degradation in the
absence of cohesins, indicating that during mitosis, Sgo1 is
essential for sensing whether microtubule–kinetochore attach-
ments are under tension (Indjeian et al., 2005). In meiosis I, the
generation of tension at microtubule–kinetochore attachments
requires the creation of a physical linkage between homolo-
gous chromosomes. This is brought about by homologous
recombination. Deleting SPO11 abolishes recombination, thus
causing the stabilization of Pds1 due to the lack of tension at
kinetochores. However, because of the absence of linkages
between homologues, spindle elongation occurs resulting in
binucleate cells that contain Pds1 (Figure 2).
Inactivation of Ipl1 or the SAC (by deleting the checkpoint
component MAD2) leads to Pds1 degradation in cells lack-
ing SPO11 (V. Prabhu, personal communication; Shonn et al.,
2003; Figure 2), indicating that also during meiosis I, Pds1
stabilization caused by the absence of tension at kineto-
chores is brought about by an Ipl1 and Mad2-dependent
process. Depletion of Sgo1 led to only a slight reduction in
the number of Pds1-positive binucleate spo11 cells (Figure
2, A–C). Furthermore, although Pds1 levels did decline in
spo11 pCLB2-SGO1cells, it was significantly less dramatic
than in spo11 cells lacking MAD2 (Figure 2D). We con-
clude that although SGO1 clearly contributes to Pds1
stabilization in the absence of recombination, its contri-
bution is minor compared with Mad2 and Ipl1. Consistent
with the idea that Sgo1 plays a minor role in tension
sensing during meiosis I compared with Ipl1 and Mad2 is
the observation that meiosis I chromosome segregation
errors are observed much more frequently in cells lacking
Ipl1 or Mad2 than in Sgo1-depleted cells (Figure 1; Monje-
Casas et al., 2007). Thus, it appears that in contrast to S.
pombe where Sgo2 is essential for sensing tension at kinet-
ochores during meiosis I, budding yeast Sgo1 plays only
a minor role in this process.
Metaphase I–arrested sgo1 Cells Exhibit Minor Defects in
Kinetochore Orientation
A role for Sgo1 in homolog biorientation was also evident
from the analysis of the effects of depleting Sgo1 in cells
arrested in metaphase due to an inactive APC-Cdc20. Cells
depleted for the APC activator Cdc20 (pCLB2-CDC20) arrest
at metaphase I because they fail to degrade Securin (Figure
3, A and B; Lee and Amon, 2003). When Sgo1 was depleted
in these cells, spindle elongation occurred, and cells with
elongated or bilobed DAPI masses (henceforth binucleate
cells) accumulated after prolonged periods of arrest (Figure
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Figure 1. Sgo1-depleted cells exhibit rare meiosis I segregation
errors. Diploid wild-type (A14900), mad2 (A15752), pSCC-IPL1
(A14502), and pCLB2-SGO1 (A11255) strains each carrying homozy-
gous CENV GFP dots were sporulated. Ipl1 was depleted during
meiosis by placing the IPL1 open reading frame under the control of
the mitosis-specific SCC1 promoter. Because Ipl1 is unstable during
G1, Ipl1 is absent during meiosis in cells carrying the pSCC1-IPL1
fusion as the sole source of Ipl1 (Monje-Casas et al., 2007). The
percentage of binucleate cells that had one or more dots in one
nucleus (dark gray) and one or more GFP dots in both nuclei (light
gray) is shown. At least 100 cells were counted from the 7-h time
point.
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3, A and B). Similar results were obtained when we inactivated
the PP2A-activating subunit RTS1 (Supplementary Figure 2),
suggesting that Sgo1 prevents spindle elongation in Cdc20-
depleted cells through its PP2A recruitment function.
Deletion of SPO13, a meiosis-specific gene important for
the stepwise loss of cohesion and sister kinetochore co-
orientation during meiosis I, also causes spindle elongation
in Cdc20-depleted cells (Katis et al., 2004b; Figure 3, A and
B). This bypass of the arrest is brought about by activation of
the APC and is accompanied by the degradation of Pds1
(Katis et al., 2004b; Figure 3C). In pCLB2-CDC20 pCLB2-
SGO1 double mutants spindle elongation occurred in the
absence of Pds1 degradation (Figure 3C), indicating that
APC activation was not responsible for the bypass of the
Cdc20 depletion arrest. Consistent with this conclusion is
the observation that the cohesin subunit Rec8 was not
cleaved in pCLB2-CDC20 pCLB2-SGO1 cells (Supplementary
Figure 3, A and B). Furthermore, a noncleavable version of
Rec8 (Rec8-N; Buonomo et al., 2000) did not block spindle
elongation in pCLB2-CDC20 pCLB2-SGO1 cells (Supplemen-
tary Figure 3C). We also excluded the possibility that spin-
dle elongation was a consequence of lower levels of cohesin
loading (Supplementary Figure 4, A–E). We conclude that
spindle elongation in pCLB2-CDC20 pCLB2-SGO1 cells oc-
curs in the absence of Pds1 degradation and Rec8 cleavage.
Because cohesin cleavage was not responsible for the spin-
dle elongation observed in pCLB2-CDC20 pCLB2-SGO1 cells,
we next examined the possibility that kinetochore attach-
ment errors were responsible for the failure of pCLB2-CDC20
pCLB2-SGO1 cells to maintain a short metaphase I spindle.
In pCLB2-CDC20 cells carrying homozygous GFP dots, two
GFP dots became visible over time (Figure 3D), which is due
to the stretching of homologous centromeres as they biorient
on the meiosis I spindle. In the rare instances in which nuclei
stretched to become bilobed a GFP dot was seen in each of
the two nuclear lobes, indicating that homologues are con-
tinuously bioriented in Cdc20-depleted cells. In contrast, as
binucleate cells accumulated in pCLB2-CDC20 pCLB2-SGO1
cultures, a small fraction of cells showed both GFP dots in
only one of the two nuclear lobes (Figure 3D). This finding
indicates that a small fraction of homologues fail to biorient,
resulting in the movement of both homologues to the same
pole in pCLB2-CDC20 pCLB2-SGO1 cells and allowing for
spindle elongation to occur in the absence of APC-Cdc20
function (Figure 3D). Sister chromatids did not segregate pre-
maturely in pCLB2-CDC20 pCLB2-SGO1 cells as judged by the
analysis of cells in which only one of the two chromosomes
was marked with a GFP dot (henceforth, heterozygous GFP
dots; Figure 3E). We conclude that Sgo1 plays a minor role in
the biorientation of homologues during meiosis I.
A Strain in Which Multiple Kinetochore–Microtubule
Attachments Generate Tension
The observation that Sgo1 plays little role in biorienting
homologues during meiosis I compared with the SAC com-
ponent, Mad2 (Figure 1) but is as important as the SAC in
biorienting sister chromatids during mitosis (Indjeian et al.,
2005) raised the possibility that Sgo1 is more important for
sensing tension between sister kinetochores than between
kinetochores of homologues. An experimental system in
which tension would be generated upon any type of kineto-
chore–microtubule attachment allowed us to test this possi-
bility. We reasoned that in a strain that loses all cohesion
during anaphase I and lacks a component of the monopolin
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Figure 2. Sgo1 is not required to sense ten-
sion at kinetochores during meiosis I. (A–D)
Diploid spo11 (A2047), spo11mad2 (A15500),
and spo11 pCLB2-SGO1 (A15501) strains each
carrying a PDS1–18MYC fusion were sporu-
lated. (A) The percentage of mononucleate (f),
binucleate (F), and tetranucleate () cells and
binucleate cells containing Pds1 (E) was de-
termined at the indicated time points for
spo11 (top), spo11 mad2 (middle), and
spo11 pCLB2-SGO1 (bottom) strains. (B) The
percentage of binucleate cells that contain
Pds1 is shown. At least 100 cells were counted
from the 5-, 6-, and 7-h time points. (C) Exam-
ples of Pds1-positive (top) and Pds1-negative
(bottom) cells are shown. Pds1 (red), tubulin
(Tub; green), and a merged picture with DAPI
(blue) are shown. (D) Western blot showing
levels of Pds1 throughout the meiotic time
course. Pgk1 was used as a loading control.
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complex, either homolog biorientation or sister kinetochore
biorientation would be expected to generate tension (illus-
trated in Figure 4A). Moreover, chromosome segregation
would be permitted in this system, once all chromosomes had
established tension-generating attachments, allowing us to ex-
amine the outcome of these attachments in the progeny. Cells
deleted for the B-type cyclins CLB1 and CLB4 as well as the
monopolin complex component MAM1 provide this situation.
Cells deleted for CLB1 and CLB4 undergo a single meiotic
division and form two-spored asci (dyads) with viable
spores, suggesting that homologues segregate correctly
(Dahmann and Futcher, 1995). To determine whether Rec8 is
lost from both chromosome arms and centromeric regions
during this division we examined Rec8 localization in clb1
clb4 cells. Rec8 was present on chromosomes before the
single meiotic divisions of clb1 clb4 cells (Figure 4, B–D).
In contrast, whereas cohesin localized around centromeres
in wild-type binucleate cells as judged by the colocalization
of Rec8 with the kinetochore component Ndc10, the majority
of clb1 clb4 binucleate cells lacked centromeric Rec8 (Fig-
ure 4, B–D). Our results suggest that Rec8 is lost along the
entire length of the chromosome during the single meiotic
division of clb1 clb4 cells.
It is possible that cohesins on chromosome arms are re-
moved before centromeric cohesins but that this stepwise
loss of cohesins was not detectable. We therefore conducted
a functional test to examine whether cohesin loss was step-
wise in clb1 clb4 cells. When MAM1 is deleted, cells
biorient sister kinetochores during meiosis I but fail to seg-
regate sister chromatids until the time when centromeric
cohesins are removed. This not only causes cultures to delay
in metaphase I but also leads to the accumulation of cells
with metaphase I spindles that lack Pds1 staining because
protected centromeric cohesin resists spindle forces even
after Pds1 degradation (Toth et al., 2000). However, when all
cohesion is lost in meiosis I, the spindle elongation delay of
mam1 cells is abolished, and the fraction of metaphase I
cells lacking Pds1 remains at wild-type levels (Toth et al.,
2000; Katis et al., 2004a). clb1 clb4 mam1 cells did not
suffer a delay in the accumulation of binucleate cells com-
pared with clb1 clb4, clb1 clb4 pCLB2-SGO1, or clb1
clb4 mam1 pCLB2-SGO1 cells, as all four strains began to
accumulate binucleate cells at 6 h (Figure 5A). Furthermore,
in contrast to mam1 cultures in which cells with short
spindles lacking Pds1 accumulate, the fraction of cells with
short spindles lacking Pds1 was similar in wild-type and
Figure 3. Sgo1 depletion allows for spindle
elongation despite APC inactivation. (A–C)
Diploid pCLB2-CDC20 (A5823), pCLB2-CDC20
pCLB2-SGO1 (A15190), and pCLB2-CDC20
spo13 (A8683) strains each carrying a PDS1–
18MYC fusion were sporulated. (A) The per-
centage of mononucleate (}), binucleate ({),
and tetranucleate (f) as well as the sum of
binucleate and tetranucleate () was deter-
mined at the indicated time points for pCLB2-
CDC20 (left), pCLB2-CDC20 pCLB2-SGO1
(middle), and pCLB2-CDC20 spo13 (right)
strains. (B) Metaphase I spindles (left) and
anaphase I spindles (right) were counted for
pCLB2-CDC20 (}), pCLB2-CDC20 pCLB2-
SGO1 (f), and pCLB2-CDC20 spo13 ({)
strains. (C) The number of Pds1-positive and
-negative cells for pCLB2-CDC20 (}), pCLB2-
CDC20 pCLB2-SGO1 (f), and pCLB2-CDC20
spo13 ({) strains was determined at the indi-
cated times (left). The percentages of Pds1-
positive and -negative binucleate cells are
shown (right). (D and E) Diploid pCLB2-CDC20
and pCLB2-CDC20 pCLB2-SGO1 strains were
sporulated, and the percentage of mononucle-
ate cells with one dot (black) and two dots
(dark gray) as well as binucleate cells with one
dot (light gray) and two dots (white) was
counted. (D) pCLB2-CDC20 (A15163) and
pCLB2-CDC20 pCLB2-SGO1 (A17839) strains
with homozygous CENV GFP dots are shown.
(E) pCLB2-CDC20 (A7118) and pCLB2-CDC20
pCLB2-SGO1 (A17838) strains with heterozy-
gous CENV GFP dots are shown.
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clb1 clb4 mam1 cells (Figure 5B). Together these results
suggest that all cohesion is lost in the single meiotic division
of clb1 clb4 cells.
To test whether the loss of centromeric cohesion during
the single meiotic division of clb1 clb4 cells was due to
loss of Sgo1 from centromeric regions, we analyzed Sgo1
localization in clb1 clb4 cells. Sgo1 localized to kineto-
chores in mononucleate clb1 clb4 cells but was largely
absent in binucleate cells (Figure 5, C and D; data not
shown). Thus, Sgo1 does not appear to be maintained at
kinetochores past metaphase I, leading to the removal of all
cohesin during the single division of clb1 clb4 cells.
Sgo1 Biases Sister Kinetochores toward Biorientation
Having a strain available in which sister kinetochores can be
under tension irrespective of the way in which they attach to
microtubules enabled us to examine how cells lacking the
monopolin complex truly segregate after their attachment to
the meiosis I spindle. This had not been possible before
because in all previous analyses of kinetochore attachment
in meiosis I mam1 cells either recombination or elements
with potentially critical roles in kinetochore orientation such
as SGO1 or SPO13 had been eliminated (Toth et al., 2000;
Katis et al., 2004a,b; Lee et al., 2004).
We first confirmed that clb1 clb4 cells segregate homol-
ogous chromosomes away from each other during the single
meiotic division that these cells undergo using homozygous
GFP dots (Figures 6; Dahmann and Futcher, 1995) and that
sister chromatids cosegregated to the same pole during this
division (Figure 7A). Deletion of MAM1 in these cells led
82% of cells to segregate sister chromatids to opposite poles,
because clb1 clb4 mam1 cultures carrying heterozygous
GFP dots generated binucleate cells with a GFP dot in each
nuclear lobe (Figure 7A). This result indicates that a strong
bias toward sister kinetochore biorientation exists in a situ-
ation where other modes of kinetochore orientation could
also generate tension.
To address whether SGO1 plays a role in promoting sister
kinetochore biorientation in clb1 clb4 mam1 cells, we
depleted the protein. In such cells biorientation of sister
chromatids decreased from 82 to 63% (Figure 7A), suggest-
ing that kinetochore–microtubule attachments now occurred
in a more random manner. To determine whether this in-
crease in sister kinetochore co-orientation in Sgo1-depleted
cells was due to Sgo1’s role in sensing whether or not sister
kinetochores are under tension, we examined the effect of
inactivating MAD2, another gene important for this process,
on sister kinetochore orientation. Deletion of MAD2 also led
to a decrease in sister kinetochore biorientation but the
effects were less dramatic than of depleting Sgo1 (Figure 7B).
It is thus possible that Sgo1’s role in sensing whether or not
kinetochores are under tension contributes to the biorienta-
tion of sister kinetochores in clb1 clb4 mam1 cells. How-
ever, the fact that co-orientation occurred less frequently in
cells lacking MAD2 than in Sgo1-depleted clb1 clb4
mam1 cells indicates that Sgo1 participates in this process
in an additional manner.
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Figure 4. clb1 clb4 cells lose all cohesin during a single meiotic
division. (A) Diagram showing how any possible microtubule–
kinetochore attachment will cause tension in cells lacking Mam1.
(B–D) Wild-type (A8441) and clb1 clb4 (A11951) cells, carrying
REC8-13MYC and NDC10-6HA fusions were sporulated. (B) The
percentage of mononucleate (}), binucleate (f), and tetranucleated
(Œ) as well as the sum of binucleate and tetranucleated () was
determined at the indicated time points. (C) The percentage of
mononucleate cells with Rec8 localized to chromatin is shown for
wild-type (u) and clb1 clb4 () strains along with the percentage
of binucleate cells with Rec8 colocalizing with kinetochores. Mono-
nucleate cells were counted after 6 h of sporulation, and binucleate
cells were counted after 8 h of sporulation. (D) Examples of binucle-
ates with strong, weak, and no Rec8 staining are shown. Rec8
(green), Ndc10 (red), and a merged picture with DAPI (blue).
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To conclusively determine whether Sgo1’s role in sensing
tension at sister kinetochores is necessary for biasing sister
kinetochores toward biorientation, we examined the effects
of eliminating recombination in mam1 pCLB2-SGO1 cells. If
defects in sensing whether sister kinetochore attachments
are under tension caused the near-random kinetochore at-
tachment in SGO1-depleted cells, we would anticipate sim-
ilarly random kinetochore attachments regardless of the at-
tachment modes available for the generation of tension.
Eliminating chiasmata by deleting SPO11 creates a situation
in which tension can be achieved only by sister kinetochore
biorientation. Strikingly, the near-random kinetochore at-
tachment observed in mam1 pCLB2-SGO1 cells reverted to
strictly bioriented attachments in mam1 spo11 pCLB2-
SGO1 cells (Figure 7C). These results indicate that defects in
tension sensing are not solely responsible for the reduction
in sister kinetochore biorientation that we observed in
SGO1-depleted cells. The implication is that a shift in the
bias from sister kinetochore biorientation to other modes of
tension-generating attachment occurs in Sgo1-depleted cells.
We conclude that Sgo1 helps to bias sister kinetochores
toward capturing microtubules from opposite poles.
Sister Kinetochore Biorientation Can Occur in the Absence
of Sgo1 When Cells Are Arrested in Metaphase I
During mitosis, Sgo1 is important for promoting the biori-
entation of sister chromatids after mitotic spindle damage
(Indjeian et al., 2005). In the absence of Sgo1, chromosomes
are mis-segregated after transient treatment of cells with the
microtubule-depolymerizing drug nocodazole. Delaying
cells in metaphase upon removal of the drug suppresses the
chromosome segregation defect of cells lacking Sgo1
(Indjeian et al., 2005). To test whether delaying the cell cycle
also rescues the sister kinetochore biorientation defect of
Sgo1-depleted cells during meiosis, we examined the effects
of arresting cells in metaphase I on sister kinetochore orien-
tation in mam1 pCLB2-SGO1 cells. mam1 cells carrying
heterozygous GFP dots were arrested in metaphase I by
depleting Cdc20. In this situation, kinetochores are under
tension when sister kinetochores are bioriented (because
cohesins would resist the pulling force of microtubules) or
when sister kinetochores are co-oriented (because chiasmata
would resist the pulling force of microtubules).
We first confirmed that pCLB2-CDC20 cells with intact
monopolin arrest in metaphase I with co-oriented sister
kinetochores. Thus, when only one chromosome is marked
with a GFP dot, only one GFP dot is visible (Lee and Amon,
2003; Supplementary Figure 5). In contrast, a significant
number of pCLB2-CDC20 mam1 cells contain two GFP dots
after several hours (Supplementary Figure 5). This indicates
that many sister kinetochores are bioriented in pCLB2-
CDC20 mam1 cells, allowing microtubules to pull the GFP
dots of sister chromatids away from each other (Supplemen-
tary Figure 5). We next analyzed GFP dot separation in a
situation where tension could be generated only upon sister
kinetochore biorientation. Cells deleted for SPO11 do not
initiate recombination and hence form chiasmata, thereby
eliminating linkages between homologues and the potential
to generate tension upon homolog biorientation. Impor-
tantly, when SPO11 was deleted in pCLB2-CDC20 mam1
cells, separated GFP dots appeared at a similar rate and
frequency as in pCLB2-CDC20 mam1 cells in which recom-
bination occurs (Supplementary Figure 5). Thus, sister kinet-
ochore biorientation occurs to the same extent in mam1
cells whether homolog biorientation can generate tension or
not. These results are consistent with the idea that sister
kinetochore biorientation is preferred over homolog biori-
entation in a situation where either scenario would generate
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Figure 5. clb1 clb4 mam1 cells lose all
cohesion and Sgo1 during a single meiotic
division. (A) clb1 clb4 (A11953), clb1 clb4
mam1 (A17314), clb1 clb4 pCLB2-SGO1
(A17615), and clb1 clb4 mam1 pCLB2-
SGO1 (A17616) with heterozygous CENV GFP
dots were sporulated. The percentage of binu-
cleate cells is shown for clb1 clb4 (}), clb1
clb4 pCLB2-SGO1 (f), clb1 clb4mam1 (Œ),
and clb1 clb4 mam1 pCLB2-SGO1 ()
strains. (B) Wild-type (A17826), mam1
(A18021), and mam1 clb1 clb4 (A17989)
cells each carrying PDS1-18MYC fusions were
sporulated. The percentage of cells with short
bipolar spindles that contain Pds1 was
counted for wild-type, mam1, and mam1
clb1 clb4 strains for four time points sur-
rounding the peak of this cell population. At
least 400 cells were counted for each strain.
Examples of cells that lack (top) or contain
(bottom) Pds1 are shown below the graph.
Pds1, tubulin (Tub), and DAPI are shown in
red, green, and blue, respectively. (C and D)
Wild-type (A10461) and clb1 clb4 (A11952),
carrying SGO1-9MYC and NDC10-6HA fu-
sions were sporulated. (C) The percentage of
mononucleate (}), binucleate (f), and tet-
ranucleated (Œ) as well as the sum of binucle-
ate and tetranucleated () was determined at
the indicated time points for wild-type and
clb1 clb4 strains. (D) The percentage of
mononucleate cells with Sgo1 colocalizing with kinetochores is shown for wild-type (u) and clb1 clb4 () strains. Cells were counted after
6 h of sporulation. An example of a mononucleate cell with Sgo1 colocalizing with Ndc10 is shown. Pictures with Sgo1, Ndc10, and a merged
picture with Sgo1 in green, Ndc10 in red, and DAPI in blue are shown next to the graph.
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tension. Our findings further indicate that, in the absence of
co-orientation factors, mechanisms are in place that bias
sister kinetochores toward biorientation.
We next asked if Sgo1 affects sister kinetochore orien-
tation in this experimental set up. Depletion of Sgo1 did
not decrease the biorientation of sister kinetochores in
pCLB2-CDC20 mam1 cells (Supplementary Figure 5), in-
dicating that as in mitosis, preventing cell cycle progres-
sion allows sister kinetochores to biorient even in the
absence of Sgo1. We conclude that an inherent bias favors
sister kinetochore biorientation over homolog biorienta-
tion and suggest that Sgo1 assists in generating this bias.
However, additional mechanisms exist that promote
biorientation in the absence of Sgo1 and become espe-
cially evident when cells are given more time for micro-
tubule attachment.
DISCUSSION
Sgo1’s Role in Meiosis I Chromosome Segregation
Sgo1 plays an important role in sensing whether kineto-
chore–microtubule attachments are under tension during
mitosis (Indjeian et al., 2005). It was not known, however, if
Sgo1 was also involved in tension sensing during meiosis I,
when it is homolog pairs that must come under tension
rather than sister chromatid pairs. We find that homologous
chromosome pairs are mis-segregated in the absence of
Sgo1, but infrequently. This contrasts with the high fre-
quency of homolog cosegregation observed in cells lacking
Mad2 or depleted for Ipl1, both of which play an important
role in sensing lack of tension during meiosis I (Shonn et al.,
2003; Monje-Casas et al., 2007). In support for Sgo1 having
little role in tension sensing compared with SAC compo-
nents during meiosis I, we found that that Pds1 was stabi-
lized in the majority of cells in which kinetochores were not
under tension because of the lack of physical linkages be-
tween homologues. These findings not only point to a dif-
ferential requirement for Sgo1 and other SAC components in
the tension sensing process but also suggest that during
meiosis I additional mechanisms are in place that facilitate
co-orientation of sister kinetochores and make Sgo1 less
important for this process. The meiosis-specific protein
Spo13 could be one such factor, because cells deleted for
both SPO13 and MAM1 biorient sister kinetochores 100% of
the time during meiosis I (Katis et al., 2004b; Lee et al., 2004).
Sister Kinetochore Biorientation Is Preferred over
Homolog Biorientation
Our experiments with cells lacking MAM1, either in meta-
phase I–arrested cells or the clb1 clb4 background indicate
that when multiple kinds of kinetochore–microtubule at-
tachments could achieve tension, there is a strong bias to-
ward sister kinetochore biorientation. Why is sister kineto-
chore biorientation favored above homolog biorientation?
One possibility is that sister kinetochore biorientation gen-
erates tension more quickly because the kinetochores are
closely linked. Tension generation upon homolog biorienta-
tion relies on chiasmata, which can be far from the centro-
mere, so that kinetochores have to be pulled far apart before
any tension is generated. This idea is supported by a recent
study showing that chiasmata proximal to the centromere
facilitate proper disjunction of homologous chromosomes
during meiosis I in the absence of the SAC (Lacefield and
Murray, 2007). Another explanation for the sister kineto-
chore biorientation bias is that the close coupling of sister
kinetochores creates a more favorable geometry for their
bipolar capture by microtubules. Taken together, our results
further highlight the importance of the monopolin complex
in overcoming the inherent bias toward sister kinetochore
biorientation and ensuring that homolog biorientation is the
only way to generate tension in meiosis I. Furthermore, a
pathway promoting sister chromatid biorientation could
provide an explanation for the observation that inactivation
of the spindle assembly checkpoint has more severe effects
during meiosis I than during mitosis (Shonn et al., 2003). A
mechanism to bias sister kinetochores toward biorientation
could reduce the need for a checkpoint that monitors accu-
rate attachment of sister chromatids to the mitotic spindle.
Sgo1 Is Required for Efficient Sister Kinetochore
Biorientation
What causes the bias toward sister kinetochore biorienta-
tion? We have obtained evidence that Sgo1 is one contrib-
uting factor. Cells deleted for CLB1 and CLB4 segregate
chromosomes reductionally, but centromeric cohesins and
Sgo1 were removed from chromosomes during this single
division. This result not only raises the interesting possibil-
ity that Clb-CDKs prevent the removal of Sgo1 during mei-
osis I but also allowed us to investigate the role of Sgo1 in
Figure 6. Homologous chromosomes are segregated to opposite
poles during the single division of clb1 clb4 cells. (A and B)
Wild-type (A5715) and clb1 clb4 (A17615) carrying homozygous
CENV GFP dots were sporulated. (A) The percentage of mono-
nucleate (}), binucleate (), and tetranucleated (Œ) as well as the
sum of binucleate and tetranucleated () was determined at the
indicated time points for wild-type (top) and clb1 clb4 (bottom)
strains. (B) Binucleate cells were counted for wild-type and clb1
clb4 strains with homozygous GFP dots from the above experi-
ments. The number of cells with one dot in one nucleus (u) and the
percentage of cells with dots in both nuclei () were counted (n 
100).
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kinetochore orientation. The discovery that the biorientation
of clb1 clb4 mam1 cells is dependent on Sgo1 indicates
that Sgo1 somehow biases sister chromatids toward biorien-
tation. This finding also offers an explanation for the obser-
vation that sgo1 mam1 cells segregate chromosomes al-
most randomly during meiosis I (Katis et al., 2004a).
Removal of all cohesins during meiosis I, as occurs in the
absence of SGO1, would be expected to allow mam1 cells to
segregate sister chromatids to opposite poles during meiosis
I, rather than the random pattern observed (Katis et al.,
2004a). Our results provide an explanation of this observa-
tion. Sgo1 facilitates the biorientation of sister kinetochores.
Our results also demonstrate that Sgo1 cannot be the only
reason for the bias toward sister kinetochore biorientation,
however. In a metaphase I arrest, cells lacking both MAM1
and SGO1 achieved a similar level of biorientation as cells
lacking just MAM1. Similarly, delaying cells in metaphase
during mitosis rescued the mis-segregation of sister chroma-
tids in an sgo1 mutant after microtubule perturbation (Ind-
jeian et al., 2005). These observations indicate that, when
sufficient time is available, cells lacking Sgo1 can effectively
biorient sister chromatids. How this occurs and whether
other factors exist that promote biorientation of sister kinet-
ochores in the absence of Sgo1 remains to be seen. We
speculate that sister kinetochore geometry causes biorienta-
tion to be the preferred mode of attachment.
Does Sgo1 Contribute to Sister Kinetochore Biorientation
through a Role in Tension Sensing?
During mitosis, Sgo1 plays an important role in sensing
whether kinetochores are under tension (Indjeian et al.,
2005). In S. pombe, Sgo2 is required to sense tension during
both mitosis and meiosis I. This is likely explained by a
requirement for Sgo2 in localizing Aurora B to kinetochores
(Kawashima et al., 2007; Vanoosthuyse et al., 2007). Could
Sgo1’s role in promoting sister kinetochore biorientation be
due to a defect in Ipl1 localization? Sgo1 has been reported
to be required for full Ipl1 localization during anaphase I
(Yu and Koshland, 2007). However, we found that Ipl1
levels did not change during meiosis and that Ipl1 localiza-
tion was not dramatically affected (Supplementary Figure 6).
We cannot exclude the possibility that small defects in Ipl1
localization occur in the absence of Sgo1, but localization is
certainly not grossly affected, which is consistent with the
observation that the phenotypes caused by the absence of
Sgo1 are mild compared with those caused by the lack of
Ipl1 function (Katis et al., 2004a; Marston et al., 2004; Indjeian
et al., 2005; Monje-Casas et al., 2007).
Several lines of evidence further indicate that defects in
sensing whether or not kinetochore attachments are under
tension is not, or at least not the sole reason for the kineto-
chore orientation defect in cells lacking Sgo1. Tension sens-
ing is intact in sgo1 mutants that contain kinetochores that
are occupied by microtubules but not under tension (Pinsky
et al., 2006). In contrast, tension sensing is defective in ipl1-
321 mutants with these same kinetochore defects (Pinsky et
al., 2006). Furthermore, importantly, the requirement for
Sgo1 in promoting biorientation in clb1 clb4 mam1 is
independent of tension sensing. Chromosomes segregate
almost randomly in clb1 clb4 mam1 pCLB2-SGO1 and
mam1 pCLB2-SGO1 cells. However, when the physical link-
ages between homologous chromosomes are eliminated
(and hence tension on co-oriented sister kinetochores), chro-
mosome attachments assume the only arrangement that will
give rise to tension and revert to sister kinetochore biorien-
tation in mam1 pCLB2-SGO1 spo11 cells. Therefore, the
co-orientation that occurs when Sgo1 is depleted in clb1
clb4 mam1 cells is not due to a failure to sense tension but
rather the removal of a bias to biorient sister kinetochores. It
is, however, important to note that tension-sensing roles of
Sgo1 could contribute to the biorientation of sister kineto-
chores (i.e., through small effects on Ipl1 localization or
activity). In particular, it is possible that Sgo1 helps to dis-
Figure 7. Sgo1 helps bias sister chromatids to-
ward biorientation. (A) clb1 clb4 (A11953),
clb1 clb4 mam1 (A17314), clb1 clb4
pCLB2-SGO1 (A17615), and clb1 clb4
mam1 pCLB2-SGO1 (A17616) with heterozy-
gous CENV GFP dots were sporulated. Binu-
cleate cells were counted for wild-type and
clb1 clb4 strains heterozygous GFP dots
from the same time course shown in Figure
5A. The number of cells with one dot in one
nucleus (u) and the percentage of cells with
dots in both nuclei () were counted. Shown
is the average of three experiments (n  100);
error bars, SDs. (B) clb1 clb4 (A11953), clb1
clb4 mam1 (A17314), clb1 clb4 mam1
pCLB2-SGO1 (A17616), and clb1 clb4 mam1
mad2 (A18712), with heterozygous CENV GFP
dots were sporulated. The number of cells with
one dot in one nucleus (u) and the percentage
of cells with dots in both nuclei () were
counted. Shown is the average of three exper-
iments (n  100); error bars, SDs. (C) Wild-
type (A5811), mam1 pCLB2-SGO1 (A11252),
and mam1 spo11 pCLB2-SGO1 (A18229)
strains with heterozygous CENV GFP dots
were sporulated. Shown is the percentage of
binucleate cells with one dot in one nucleus
(u) and with dots in both nuclei (). One
hundred cells were counted for each strain
from cells after 6 h of sporulation.
Shugoshin and Sister Kinetochores
Vol. 19, March 2008 1207
tinguish between the tension generated by bioriented sister
chromatids and bioriented homologues (see below).
Two general and not mutually exclusive models can be
envisaged for how Sgo1 promotes sister kinetochore biori-
entation. One possibility is that Sgo1 causes kinetochores to
take on a geometric configuration that favors biorientation.
Through this mechanism, once a single kinetochore becomes
attached to a microtubule, the kinetochore of the sister chro-
matid would be more likely to attach to a microtubule
emanating from the opposite spindle pole. Alternatively, or
in addition to a structural role, Sgo1 could participate in a
tension-sensing mechanism. In this model, tension genera-
tion between bioriented sister chromatids is different from
that of bioriented homologues because tension generation
during homolog biorientation relies on chiasmata, which
can be far from the centromere. Sgo1’s role would be to help
the tension sensing machinery to distinguish between sister
chromatids and homologues being under tension. For exam-
ple, bioriented homologous kinetochores could perhaps
generate a weaker tension signal than bioriented sister chro-
matids and Sgo1 could selectively promote severing of these
weaker kinetochore–microtubule attachments.
In preventing the removal of cohesins from centromeric
regions during meiosis I, Sgo1 has been shown to function
through PP2A (Riedel et al., 2006). It is possible that Sgo1
promotes sister kinetochore biorientation through this phos-
phatase too. This idea is supported by the observation that
mam1 cells lacking the regulatory subunit RTS1 also seg-
regate sister chromatids randomly during meiosis I (Riedel
et al., 2006). Determining whether Sgo1 functions through
dephosphorylating cohesins and/or other centromere pro-
teins to promote biorientation will be an interesting avenue
of future experimentation.
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